Crystal-oriented (Bi 0.5 , Na 0.5 ) 0.85 Ba 0.15 TiO 3 (BNBT15) ceramics with a perovskite crystal structure were prepared by colloidal processing in a rotating high magnetic field to improve their piezoelectric properties. The presence of BaTiO 3 leads to anisotropic crystal lattices, allowing crystal-oriented BNBT15 ceramics to be successfully fabricated, using a rotating magnetic field to orient the c-and a-axes of the crystal in the powder compact. The phase transformation that occurred during sintering redistributed the c-axis oriented structure along both the a-and c-axes. Again, the c-axis was enhanced by electrical field polarization. A piezoelectric constant of 122 pC/N was obtained, which is larger than the 88 pC/N of BNBT ceramics.
Introduction
High-performance lead-free piezoelectric materials are a key research objective as sustainability becomes a major concern in developed societies. 1)5) In this context, (Bi 0.5 Na 0.5 )TiO 3 -based ferroelectric ceramics are one of the most promising candidate materials currently under investigation. 1),3)20) These ceramics have a perovskite crystal structure and can form solid solutions with other alkaline and alkaline earth elements.
3)15) Takenaka et al. have performed systematic studies of the (Bi 0.5 , Na 0.5 ) 1¹x Ba x TiO 3 (BNBT) ceramic system.
3),6)15) As is well known, BNBT has a morphotropic phase boundary (MPB, x = 0.06 0.07) with a rhombohedral and tetragonal crystal structure similar to that of the lead zirconate titanate (PZT) system, in which comparably large displacements can be achieved both by polarization and phase transformations. 4 ),17), 18) The BNBT system is advantageous among the different lead-free candidate materials in terms of the high powers it can deliver; nonetheless, these remain inferior to the capabilities of the PZT system. Improvements to the BNBT system are therefore desirable and a promising route seems to be the preparation of solid solutions with other alkaline or alkaline earth cations.
14)21)
Another worthwhile strategy in this context is to orient the grains in BNBT ceramics. 5),22) Messing et al. reported the c-axis orientation of BNBT6.5 by reactive template grain growth using tabular SrTiO 3 template particles. 5) When driven at high electric fields, d 33 coefficients greater than 500 pC/N were obtained. This demonstrates how grain orientation can afford excellent piezoelectric properties, and motivates the present research. In contrast with the aforementioned approach however, we have looked to achieve crystal orientation by colloidal processing in a high magnetic field. 23)43) In this approach, particles with anisotropic crystal structures are oriented along a preferred direction governed by the interaction between their slight anisotropic magnetic susceptibility and the high magnetic field. In each particle, the crystal direction with the highest diamagnetic susceptibility orients along the normal to the applied magnetic field such that the particles become oriented along their diamagnetic susceptibility axis. Applying a rotating magnetic field (RMF) in the horizontal plane of the particles gathers the magnetic susceptibility of all the particles along a single direction. In practice, a vessel containing the particle slurry is rotated in a high unidirectional magnetic field (Fig. 1) . 42), 43) The merits of this method are first, that template particles are not required and second, that all types of particles, even spherical ones, can be oriented as long as they are magnetically anisotropic. To date, we have successfully fabricated and improved the properties of crystal-oriented ceramics such as bismuth titanates and tetragonal tungsten bronze materials.
24)41)
However, magnetic field orientation has so far not be demon- strated for BNBT ceramics with a perovskite, nearly cubic crystal structure.
The objective of this study was to fabricate crystal-oriented BNBT ceramics by colloidal processing in a magnetic field, and to show how orientation improves their piezoelectric properties. As outlined above, an anisotropic crystal system is necessary. Here, we focus on the grain orientation of BNBT15 ceramics with a tetragonal crystal structure. Although good piezoelectric properties have been reported for the MPB composition of BNBT,
3)5) its crystal structure, composed of rhombohedral and tetragonal phases, is not suited to orientation. In addition, BNBT15 benefits from a higher depolarization temperature than the MPB composition, which is preferable for potential commercial applications.
Experimental procedure
Bismuth sodium titanate with 15 mol % barium titanate (hereafter, BNBT15) powder was synthesized by solid state reaction. The synthesized BNBT15 powder was dispersed in isopropyl alcohol with polyethyleneimine dispersant, and a slurry with 35 vol % solid content was prepared by ball milling for 5 h. The dispersion of particles in the slurry was evaluated by viscosity measurements performed using a rheometer (MCR-301, AntonPaar, Austria). The slurry (3 ml) was poured into a 25-mmdiameter and 20-mm-deep cylindrical container for the preparation of a green compact. The sample thickness after drying was evaluated to be approximately 3.0 mm. The container was rotated horizontally at 30 rpm in the static horizontal magnetic field (10 T) of a superconducting magnet (TM10VH10, TOSHIBA, Japan) at room temperature, until the slurry was fully dried. The RMF was applied to the samples as shown in Fig. 1 . A slurry was also dried in the same container but in the absence of a magnetic field to prepare a reference sample. The powder compact was removed from the container after drying and subjected to cold isostatic pressing at 200 MPa. The samples were heated at 600°C for 2 h to remove the binder and then sintered in air for 1 h at 1130°C in a furnace.
The crystal structure and particle orientation in the powders were characterized by powder X-ray diffraction (XRD) analysis (Ultima-IV, RIGAKU, Japan), over a 2ª range of 2070°. The relative density of the samples was measured using Archimedes' principle and their microstructure was observed by scanning electron microscopy. The specific surface area of the powders was measured by BrunauerEmmettTeller adsorption (Flowsorb, Micromeritics, USA). The polarization (P) curve at room temperature was measured as a function of the electric field (E) using a commercial apparatus (Type-FCE-1, TOYO Corp., Tokyo, Japan). Square 1.5 mm 2 gold electrodes 200 nm in thickness were sputtered onto the samples. The measurements were conducted at a frequency of 0.5 Hz. The specimens in silicone oil at 100°C were poled for 10 min parallel to the oriented direction under an electric field of 6.0 kV/mm. The piezoelectric constant d 33 was measured with d 33 meter (ZJ-6B, Institute of Acoustics, Chinese Academy of Sciences). . Figure 3 shows the XRD patterns of the prepared powder, highlighting a tetragonal crystal phase.
Results and discussion
18) The lattice parameters a and c along to a-axis and c-axis were measured from the 200 and 002 peaks [ Fig. 3(b) ], giving a c/a ratio of 1.020. Figure 4 shows the viscosity curves obtained from the prepared particle slurry. Slight shear-thinning is observed but the behavior is almost Newtonian. These results show that the particles are well dispersed in the slurry. The relatively high solid concentration of this slurry, 35 vol %, explains the slight shear thinning behavior observed. 44 )46) Figure 5 shows the cross-sectional X-ray diffraction patterns obtained in the horizontal plane of powder compact and sintered specimens formed with and without the RMF. Peaks from the c-planes of the crystal, such as the 001 and 002 ones, are strong in the data from the RMF samples. A number of diffraction peaks, notably the 111 plane, are strong in the diffractograms obtained from the reference samples, but weaker in the data from the RMF samples, in particular for the sintered specimen. Peaks arising from a-planes, such as the 100 and 200 planes, are clearly observed both for the powder compact and the sintered specimen. These results indicate that in the RMF powder compact, the particles consist of multiple domains or crystals, in which the c-and a-axes simultaneously orient in the magnetic field. For the sintered specimens, the c-plane and a-plane prior to heat treatment become a-planes in the cubic structure that arises from the phase transformation. As the crystal structure returns to a tetragonal arrangement on cooling to room temperature, c-or a-planes are formed in a 1:2 ratio. It is noteworthy that an oriented structure is maintained during and after sintering. In summary therefore, these results show that c-and a-axis-oriented BNTBT15 polycrystalline ceramics were successfully produced using a RMF and subsequent sintering.
The degree of orientation was calculated semiquantitatively using the Lotgering method as follows, 47 )
where P 0 = [I 0 (00l) + I 0 (00l) + I 0 (h0l)]/ I 0 (hkl), P = [I(h00) + I(00l) + I(h0l)]/ I(hkl), and in turn I and I 0 are the intensities of the diffraction peaks in the reference (ICDD) and experimental XRD patterns, respectively. All the diffraction peaks in the range 2070°were used for this calculation.
The Lotgering factor of the powder compact is 0.36 and this increases to 0.73 upon sintering. The relative density of both samples (oriented and non-oriented) was 98% at 1130°C. Figure 6 shows the microstructures of the oriented and nonoriented ceramics sintered at 1130°C. Fine equiaxed grains are observed in both samples, even though (as mentioned above) BNBT15 has a tetragonal crystal structure with a c/a lattice parameter ratio of 1.020. The microstructure observed here for BNBT15 is considerably different from that observed for crystaloriented tungsten bronze materials, in which the longer grains are oriented parallel to the rotation axis of the magnetic field.
30) An anisotropic crystal system strongly affects the microscale texture of the sample. Figure 7 presents the ferroelectric properties of the c-and a-axis-oriented BNBT15 ceramics. P-E hysteresis loops are visible for the samples prepared with [ Fig. 7(a) ] and without the RMF [ Fig. 7(b) ]. The P-E loops become more extended as the applied electric field is increased, but a well-developed P-E loop is visible in the data for the c and a-axis oriented samples at lower electric fields. At an applied electric field of 40 kVcm ¹1 at 100°C, the saturation polarization is ³27¯C/cm 2 in the c-axis direction in the oriented sample, higher than the 16¯C/cm 2 measured in the non-oriented sample. A remnant polarization, P r , of 21¯C/ cm 2 , and a coercive field, E c , of 24 kV/cm are measured in the oriented sample. At an applied electric field of 60 kVcm ¹1 , saturation polarizations of ³39 and ³31¯C/cm 2 are measured in the oriented and non-oriented samples, respectively. The remnant polarization of 30¯C/cm 2 measured for the oriented sample is higher than the 25¯C/cm 2 obtained for the non-oriented sample, and the E c of 24 kV/cm obtained for the oriented BNBT15 is lower than the 28 kV/cm measured for the non-oriented sample. This reduction in E c shows that 180°domain switching along the c-axis and 90°domain rotation away from the a-axis are more readily achieved in the oriented BNBT15 than in the non-oriented BNBT15. Figure 8 shows the X-ray diffraction patterns obtained for the sintered samples before [ Fig. 8(a) ] and after [ Fig. 8(b) ] poling. The c-plane peaks increase in intensity after poling. The data for the c-and a-axis-oriented BNBT15 show that in these samples, poling leads to domain-reorientations and hence to texture changes, suggesting that the domain along the c-axis develops from the polarization induced by the electric field. The 111 peak also increases in intensity following poling. The increasing in 111 peak is due to the low degree of orientation of the sample. Since the orientation of the oriented sample is not perfect, the 111 domain also contributes to the polarization, and develops furthermore due to 180°domain switching along the c-axis direction and from 90°domain rotation away from the a-axis. Furthermore, it is possible that the transfer from the a-to the c-axis (and therefore domain growth) is interrupted at some stage due to stress. The behavior of 111 peak needs to be examined by using highly oriented sample. Thus, the poling assists the formation of c-axis oriented BNBT15 ceramics. Poling-induced texture changes have also been reported for BNT systems. 48) By crystalorientation and poling, the piezoelectric constant of the c-axisoriented BNBT15 sample is 122 pC/N, which is larger than the 88 pC/N measured for the reference sample. Orientation therefore leads to a clear improvement in the piezoelectric properties of BNBT15.
Conclusions
Crystal-oriented BNBT15 ceramics with a tetragonal crystal structure were prepared by colloidal processing in a high magnetic field, with their c-axis oriented perpendicular to the magnetic field. In the powder compacts, the a-axis was also oriented, probably due to the 90°arrangement of the domain structure. The initially c-axis oriented structure is redistributed to the a-and caxes during the phase transformations that occur during and after sintering at 1130°C. The c-axis orientation is enhanced by electric field polarization. The oriented BNBT15 ceramics have a piezoelectric constant of 122 pC/N, about 1.5 times larger than the 88 pC/N measured for non-oriented samples.
